Background Elevated intracellular calcium activity is thought to play an important role in arrhythmia induction, particularly during ischemia and reperfusion. Delayed afterdepolarization-induced triggered activity and intracellular communication problems are thought to be responsible.
Methods and Results Increased extracellular calcium levels and rapid pacing are interventions known to elevate intracellular calcium activity. The present study, conducted using standard microelectrode techniques, was designed to compare the effects of increased [Ca2+]0 (1.8 to 5.4 mmol/L) in isolated canine ventricular epicardial and endocardial tissues and to test the hypothesis that elevated intracellular calcium activity contributes to arrhythmogenesis in working ventricular myocardial tissues by promoting electrical heterogeneity. High [Ca2`]0 caused a slight abbreviation of action potential duration (APD9O) in endocardium but more dramatic rate-dependent and dynamic changes in epicardium. Under steady-state conditions, epicardium displayed a marked abbreviation of APD90 at fast rates but no significant changes at slow rates. A significant augmentation of phase 1 was evident at the faster stimulation rates. Vm., and conduction velocity were only slightly reduced. The marked abbreviation of the epicardial response at the faster rates was due to loss of the action potential dome. Recovery of the dome after deceleration was not synchronous throughout the preparation. As a consequence, a sudden slowing of rate caused marked dispersion of repolarization among neighboring epicardial sites, giving rise to ectopic activity via a phase 2 reentry mechanism. These effects of high [Ca 2+]1 were mimicked by exposure of the preparations to low [Na+]0. Electrical homogeneity was restored and arrhythmias were abolished after addition of the It. Conclusions Our data demonstrate the induction of marked electrical heterogeneity and reentrant activity by high [Ca2+I1 and rapid stimulation, conditions known to elevate [Ca2+]i. The results suggest that increased intracellular calcium activity, as occurs during ischemia and reperfusion, may contribute to the development of electrical inhomogeneity in the ventricle and thus to the genesis of ventricular arrhythmias through a mechanism other than triggered activity, namely, phase 2 reentry. Our data point to an increase in net outward current as the underlying mechanism for the calcium-induced changes. Our results also suggest that the presence of a prominent transient outward current (Ito) Several experimental models have shown that electrophysiological alterations attending coronary occlusion and reperfusion are more accentuated and heterogeneous in ventricular subepicardium than in subendocardium.1-7 Recent studies from our laboratory have suggested that the differential sensitivity of epicardium and endocardium to stimulated ischemia8 or agents that mimic components of ischemia, such as pinacidi19,10 (IK-ATP opener), is in part due to the presence of a much more prominent transient outward current (Ito) in epicardium than in endocardium. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Marked dispersion of action potential duration (APD) and refractoriness due to the loss of the dome (plateau) at some sites but not others occurs in epicardium under these conditions. This heterogeneous response of epicardium gives rise to extrasystolic activity via a phase 2 reentry mechanism.
Elevated intracellular calcium activity is another factor that is believed to contribute to arrhythmogenesis during ischemia and reperfusion. 16, 17 The proposed cellular mechanism involves the development of delayed afterdepolarizations (DADs) and DAD-induced triggered activity in the ventricular conducting system and M cells.18,19 Deterioration of intracellular communication and marked slowing of conduction is another possible mechanism.202t Increasing the frequency of stimulation and raising the extracellular calcium concentration are two interventions known to elevate intracellular calcium activity.22-24 The present study, conducted using standard microelectrode techniques, was designed to assess the effects of increased [Ca2+]0 (1.8 to 5.4 mmol/L) in isolated canine epicardial and endocardial tissues and to test the hypothesis that elevated intracellular calcium activity contributes to arrhythmogenesis in working ventricular myocardial tissues by promoting electrical heterogeneity.
Methods
Right ventricular papillary muscles and epicardial strips (approximately 1.5 to 2.Ox1.5x0.1 cm) were isolated from hearts removed from anesthetized (sodium pentobarbital 30 mg/kg) mongrel male dogs. The epicardial preparations consisted of dermatome shavings (Davol Simon Dermatome power handle 3293 with cutting head 3295) from the base of the right ventricular free wall. In some cases, papillary muscle strips were prepared using a technique similar to that used for isolation of the epicardial strips to assess the possible influence of an additional cut surface or absence of a dying core. In that we observed no differences between the responses of the papillary muscle strips and those of the intact papillary muscle, data for these experiments were grouped. The preparations were allowed to equilibrate for 3 to 4 hours while superfused with oxygenated (95% 02/5% CO2) Tyrode's solution maintained at 37±0.5°C. The composition of the Tyrode's solution was (in mmol/L): NaCl 129, KCl 4, NaH2PO4 0.9, NaHCO3 20, CaCl2 1.8, MgSO4 0.5, and D-glucose 5.5. The high-calcium Tyrode's solution contained 5.4 rather than 1.8 mmol/L CaCl2.
The tissues were stimulated at basic cycle lengths (BCLs) ranging from 300 to 2000 milliseconds, using rectangular stimuli (1-to 3-millisecond duration, 2 to 2.5 times diastolic threshold intensity) delivered through thin silver bipolar electrodes insulated except at the tips. The combination of high [Ca 2+]O and rapid pacing are interventions known to elevate intracellular calcium activity (Caj), and they were used for this purpose in this study. We hasten to point out that we did not measure Caj in this study and therefore cannot report on the extent to which Caj was elevated in our preparations or whether there were differences between epicardium and endocardium.
Transmembrane action potentials were simultaneously recorded from one to three sites (2 to 3 mm apart) using glass microelectrodes filled with 2.7 mol/L KCl ( Restitution of action potential parameters was determined using single-test pulses (S2) delivered once after every 10th basic beat (S1). The S1S2 coupling interval was progressively increased from the end of the effective refractory period (ERP) until the next basic beat. APD was measured at 90% repolarization (APD9J).
The terminology used to describe the various phases of the epicardial and endocardial action potentials is as previously defined.12'14 The terms spike and dome and notch are used interchangeably. An action potential displaying a positive slope between the end of phase 1 and the beginning of phase 2 is considered to be capable of actively generating a dome or to be in close proximity to a site capable of developing a normal phase 2. Because of electrotonic influences, it is possible for a transmembrane recording to manifest an action potential dome at sites not capable of active generation of a dome. This situation is presumed when a negative slope region is observed between the end of phase 1 and the beginning of phase 2. In the former, the action potential dome develops normally as a result of transmembrane flow of ionic current (active), whereas in the latter case the dome is generated by intercellular flow of electrotonic (local circuit) current or a combination of active and passive events. Fig 2. In endocardium, high calcium produced a significant abbreviation of the action potential at BCLs of 800 and 2000 milliseconds, whereas in epicardium, a marked abbreviation of APD90 was observed at fast rates, but a slight prolongation was observed at slower rates.
Epicardium bathed in high-calcium Tyrode's exhibited dynamic changes in action potential morphology after an abrupt change in rate that required 30 or more beats to reach a steady state. The local circuit current that would be expected to flow under these conditions caused retrograde propagation of the dome of the distal response, activating the middle and the proximal sites, thus producing an extrasystolic beat. We have termed this phenomenon phase 2 reentry because it is the dome or phase 2 of the action potential that reenters to locally reexcite the preparation.
Extrasystolic activity was most readily induced by an abrupt slowing of the stimulation rate, as illustrated in Shown are five consecutive beats recorded from three sites along the epicardial preparation approximately 1 minute after a sudden deceleration of the stimulation from a BCL of 300 milliseconds to a BCL of 800 milliseconds. The action potential dome was promptly restored at the distal site but not at the middle and proximal recording sites. Retrograde propagation of the dome is seen to give rise to extrasystolic responses after the second, fourth, and fifth stimulated beats.
Abolition of the epicardial action potential dome at fast stimulation rates was always attended by an accentuation of phase 1. Our working hypothesis was that elevated intracellular calcium activity, produced by rapid stimulation and high [Ca2+]0, leads to augmentation of outward currents that overwhelm the calcium current that is in large part responsible for the development of the dome. (Fig  7B) , the fast component is larger in magnitude and its recovery is accelerated (X-=20 milliseconds), whereas the slow component remains relatively unchanged. Fig  7C shows (Fig 8D) . Fig 9 illustrates action potentials recorded from endocardium ( Fig 9A) and epicardium (Fig 9B) 
Discussion
It is well established that transient coronary artery occlusion often leads to malignant ventricular arrhythmias during the ischemic and reperfusion periods.25 27 However, the mechanisms responsible for the initiation and maintenance of these lethal arrhythmias (ie, ventricular tachycardia and ventricular fibrillation) are not fully understood. Arrhythmias associated with occlusion are usually preceded by gradual, slowly developing alterations in the electrical behavior of the ischemic and border regions. In contrast, reperfusion-induced arrhythmias usually occur within seconds of coronary release, are transient in nature, and often degenerate into ventricular fibrillation caused by the rapid but heterogeneous recovery of electrical activity.28 This electrical heterogeneity occurs not only within the ischemic region but between ischemic and nonischemic zones.
Increases in intracellular Ca2+, although small during myocardial ischemia, are fairly dramatic immediately after reperfusion. It has been suggested that the rapid increase in idioventricular rate during coronary reperfusion may be related to the cell during reperfusion is thought to contribute to the associated malignant ventricular arrhythmias. 18 Rapid stimulation, elevated extracellular calcium, lowering of extracellular sodium, and inhibition of the activity of the Na-K pump are all interventions known to elevate intracellular calcium levels. 22 and APD. These changes probably are not caused by alterations in intracellular calcium activity but may be explained better on the basis of an effect of calcium to screen surface charge.37 At rapid rates of stimulation, the predominant action is on the magnitude of phase 1, consistent with an effect of high calcium to augment outward currents and reduce Ica secondary to an increase in intracellular calcium activity (Fig 1 and Table) .
Qualitatively similar changes in the electrophysiology of ventricular epicardium and endocardium have been reported under experimental conditions known to produce a moderate increase of intracellular calcium. Ant fact that they only appeared after a period of rapid stimulation; EADs are generally bradycardia dependent. The relatively small preparations used in this study precluded the possibility for reexcitation of the entire preparation by the reentrant wave. However, in other models of phase 2 reentry in which large preparations were used or in which conduction was slowed by the intervention applied, phase 2 reentry was frequently observed to reexcite the entire preparation via a phase 0 circus movement reentry mechanism. Thus, phase 2 reentry serves to initiate the traditional type of circus movement reentry, assuming the role usually ascribed to a premature stimulus or ectopic beat.
Physiological and Clinical Significance
Our data point to marked electrical heterogeneity induced by elevated extracellular calcium and rapid stimulation, conditions known to elevate intracellular calcium activity, as a mechanism of arrhythmogenesis. The results suggest that under these conditions, rapid ventricular rates can lead to marked dispersion of repolarization and phase 2 reentry in ventricular epicardium, particularly after an abrupt slowing of rate. These mechanisms may contribute to arrhythmias attending ischemia and reperfusion as well as rhythm disturbances precipitated under other conditions favoring elevation of intracellular calcium levels. Our findings also demonstrate an effect of 4-aminopyridine, a transient outward current blocker, to reverse calciuminduced dispersion of repolarization and arrhythmias.
The concordance of the electrophysiological changes observed in isolated canine tissues with the electrocardiographic changes observed in humans also speaks to this issue. Clinical hypercalcemia, whether secondary to hyperparathyroidism, neoplastic disease, or other causes, is usually characterized by a prolongation of A-V conduction time, widening of the QRS interval, the appearance of a J wave or Osborne wave, abbreviation of the ST segment, and, particularly in patients with extreme hypercalcemia (> 16 mg/dL; normal value, 8.2 to 10.4 mg/dL), changes in the morphology (biphasic, notched), polarity (inverted), and amplitude (flat) of the T wave of the surface ECG. 56 Most if not all of these changes can be explained based on the differential effects of high calcium in canine ventricular epicardium and endocardium. The calcium-induced accentuation of the action potential notch in epicardium can account for the appearance of a J wave, the slight slowing of conduction for the widening of the QRS, and (Fig 9) .
Full appreciation of the clinical relevance of these findings requires further study. The applicability of the high-[Ca2+]0-induced changes observed in canine hearts to humans presumes, among other things, the presence of similar electrophysiological distinctions between epicardium and endocardium in human ventricles or at least the presence of an It,-mediated spike and dome in epicardium. Evidence for the presence of an L1,-mediated (4-aminopyridine sensitive) spike and dome action potential morphology in human ventricular epicardium has been described in several studies. [57] [58] [59] Itol between human ventricular endocardial and epicardial cells were recently presented in two preliminary reports by Wettwer et a160 and Nabauer and Beuckelmann. 61 The kinetics of reactivation of It, are reportedly much faster in human epicardium than in dog epicardium. These results suggest that electrical heterogeneity and phase 2 reentry might be observed in the human ventricle over a much wider range of frequencies than in dog ventricle.
